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1. Introduction

ThisAlgorithm Theoretical Basis Document deals with the tidal corrections that need to
be applied to range measurements made by the Geoscience Laser Altimeter System (GLAS).
These corrections result from the action of ocean tides and Earth tides which lead to deviations
from an equilibrium surface. Since the effect of tides is dependent of the time of measurement, it
IS necessary to remove the instantaneous tide components when processing altimeter data, so that
all measurements are made to the equilibrium surface.

The three main tide components to consider are the ocean tide, the solid-earth tide and the
ocean loading tide. There are also long period ocean tides and the pole tide. The approximate
magnitudes of these components are illustrated in Table 1, together with estimates of their uncer-
tainties (i.e. the residual error after correction). All of these components are important for GLAS
measurements over the ice sheets since centimeter-level accuracy for surface elevation change
detection isrequired. The effect of each tidal component is to be removed by approximating their
magnitude using tidal prediction models. Conversely, assimilation of GLAS measurements into
tidal models will help to improve them, especially at high latitudes.

2. Background

The Antarctic and Greenland ice sheets contain enough water to produce a 72-mrisein
sea-level if they were to melt (Oerlemans, 1993). For this reason alone, we need to understand
how Antarctica and Greenland will respond to climate change. During the present century, sea-
level hasrisen at an average rate of 1.0-2.0 mm yrt (Warrick, 1993). Part of the sealevel rise can
be explained by ocean thermal expansion and the melting of glaciers and small ice caps and, per-
haps, net mass loss to the Greenland ice sheet. The amount of snow that falls each year on the
grounded Antarctic iceis equivalent to about 5 mm yr! of global sealevel change (Jacobs, 1992),
so annual variation of snow accumulation on the Antarctic ice sheet can have a measurabl e effect
on sealevel. Without independent knowledge of the contribution of the Antarctic ice sheet, there
remains amajor uncertainty in understanding sealevel change (Warrick and Oerlemans, 1990).
To fix ideas, assuming that half of the sea-level rise, i.e. 0.5-1.0 mm yr, comes from a mass loss
to the Antarctic ice sheet, then the mean elevation of Antarcticawould need to drop at arate of
about 15-30 mm yr. This estimate ignores the potential contributions of other phenomena, such
as post-glacial rebound.

Satellite altimeters can be used to monitor the volume of the polar ice sheets. Substantial
progress in studying polar mass balance has been sustained by the use of satellite radar altimeters
(Brenner et al, 1983, Zwally et al, 1989, Zwally, 1989, Partington et al, 1991, Bentley and Shee-
han, 1992, Lingleet al, 1994, ¥i et al, 1997). However the precision of the satellite radar altime-
tersislimited by surface slope because of the large radar footprint (Brenner et al, 1983),
imperfect understanding of the microwave penetration to the subsnow surface (Ridley and Par-
tington, 1988, Yi and Bentley, 1997), and inadequate accuracy of satellite orbits (Haines et al,
1994). The Geoscience Laser Altimeter System (GLAS) (Schutz, 1995), designed primarily for
measuring the surface elevation of the polar ice sheets, has amuch smaller footprint of about 70 m
which will reduce the surface slope effect and benefits from an on-board GPS which will give an
orbit accuracy of £50 mm.

Ocean tides and solid earth tides have been taken into account in processing the satellite



radar altimetry data (e.g. Zwally et al, 1990). However, the smaller vertical displacement caused
by the ocean tidal loading has not previously been given much attention. This is because the preci-
sion of satellite radar altimeters over land is of the order of several tens of centimeters while the
vertical displacement load tide is only of the order of several tens of millimeters even aong the
coast. Ocean loading effects only become important when the surface elevation measurements
require centimeter-level precision. To determine surface el evation accurately and to detect surface
elevation change, it isimportant to estimate the ocean tidal loading effects and apply an ocean
tidal loading correction to the surface elevation measurement.

3. ‘Standard’ tide corrections

Several of thetide correctionslisted in Table 1 will be removed from GLAS range measurements
by applying ‘ standard’ models that have been successfully used for previous satellite altimeter
missions such as ERS-1, ERS-2 and TOPEX/Poseidon. These corrections are the solid earth tide,
long-period tides and poletide.

e Solid earth tide The solid earth tide is the periodic movement of the Earth’s crust caused by
gravitational interactions between the Sun, Moon and Earth. The magnitude of thistideis
+30cm, and its effect should be removed for GLAS through modeling, in the same way asit
was for TOPEX/Poseidon. This was done using TOPEX/Poseidon document “g1062” (with
the tested algorithm ‘ TIDPOT.FOR’)

» Long-period tides Equilibrium long period tides are removed by models which are based on
the Cartwright-Taylor-Edden tide potential. Any reliable code (such as subroutine ‘Ipegmt’,
written by Cartwright (1990)) that is used for TOPEX/Poseidon should be used for its calcula-
tion for the GLAS records, independently of the diurnal/semidiurnal ocean tide model used.
The non-equilibrium long-period tide should probably be ignored, asit is small and no model
for it has yet been finalized.

* Poletide Thistide results from polar motion has component periods mainly of 12 months and
14 months. It should be calculated for GLAS after TOPEX/Poseidon algorithm document
01063.

4. Ocean tide correction

4.1 Ocean regions

Tides over the open ocean will be removed from GLAS range measurements by applying a
ocean tide model. Thistide model should ideally be global, include predictions for the Arctic and
the Antarctic, and be familiar to the TOPEX/Poseidon software team. Two suitable models are
CSR3.0 (Eanes, 1994; used for TOPEX/Poseidon) and FES95.2 (Le Provost et al., 1998), and
these two models compare fairly well in the open ocean (Shumet al., 1997). Although CSR3.0
was used for TOPEX/Poseidon, it is not reliable below 78°S. We therefore recommend that the
FES95.2 model is adopted as the primary global model for GLAS ocean tide corrections. Thisis
an improvement of the FES94.1 model as it assimilates into the hydrodynamic model the earlier
empirical TOPEX/Poseidon CSR2.0 tidal solution using the representer methods devel oped by



Egbert et al. (1994). The CSR2.0 solutions were derived in 1994 at the University of Texas, from
atwo year time series of TOPEX/Poseidon data. The standard release of the FES95.2 solutionsis
0.5° x 0.5° for ocean depths greater than 1000 m. The tidal correction at a specific location and
time will be interpolated based on their location within this grid.

We also recommend that a second model be considered for application around Antarctica.
Thisisthe Circum-Antarctic Tidal Simulation model (CATS99.2), developed at the Earth and
Space Science Center, Sesattle, Washington by Laurence Padman (Rignot et al. 1999). The
CATS99.2 model covers the entire globe south of 50°S, at aresolution of 0.25° in latitude
(approximately 10 km around the Antarctic coast) and has been validated in the Weddell Sea
region (Robertson et al. 1998) and at the front of the Filchner Ice Shelf (Rignot et al. 1999). The
model comprises eight tidal constituents, five semidiurna (M,, S,, K,, N,, and 2N,) and three
diurnal (O,, K;, and Q,). Incorporation of this model has the advantage that it is continuous at the
boundary with the FES95.2 and would simply require a latitude switch so that this model is uti-
lized below 50°S. However, it is noted that the process of * matching’ models at 50°S should be the
object of careful analysis.

4.2 | ce shelves and glacier tongues

The floating parts of the ice sheets (ice shelves and floating glacier tongues) are displaced
vertically in response to ocean tides. To assess elevation change in these regions, the instanta-
neous tide component must be removed from the elevation measurement, such that all ice shelf
elevations are referred to an equilibrium surface. Modeling the tidal displacement of the floating
ice shelvesin response to ocean tides is not straightforward. There is currently no one model that
accurately described the complex response of the floating parts of the Antarctic ice sheet to ocean
tides. The CATS99.2 model has been shown to perform well at the ice front of the Filchner Ice
Shelf (Rignot et al. 1999), but still requires work in other areas. This model will be improved as
more observations from ice shelf tides (e.g. from in situ GPS, GLAS) and information on sub-ice-
shelf water column thickness become available (Laurence Padman, personal communication, July
1999).

The vertical displacement of the ice shelves can be measured using kinematic GPS (e.g.
Vaughan 1994, 1995) and static GPS (e.g. Phillips et al. 1998). For the Amery Ice Shelf, Phillips
et al (1998) showed that the amplitude of the vertical tidal displacement at six sites on the central
part of theice shelf isthe same asthat predicted by atide model for nearby Beaver Lake, provided
by the National Tidal Facility, The Flinders University of South Australia. Static GPS observa-
tions collected on the Amery Ice Shelf during 1998-1999 have been processed in 1-hour segments
within the GAMIT software (Richard Coleman, personal communication, 1999). The results indi-
cate that there is a phase lag between the Beaver Lake Tide Model and the tidal response of the
Amery Ice Shelf, with the Amery Ice Shelf ahead by around 65 minutes at the northernmost site
(near the ice front) and 45 minutes at the southernmost site (near the grounding zone). The dis-
tance between these sites is approximately 400 km. A three-years series of field campaignsis
planned for 1999-2000, 2000-1 and 2001-2. It isintended to use GLAS data acquired during the
90-day verification and validation phase of |CESat to generate new models (or improve existing
models) for the major floating ice shelves, and these results will be validated using in situ observa-
tions from the Amery Ice Shelf. In addition to the data collected on the Amery Ice Shelf, we also
recommend that long time series of static GPS data are collected on other ice shelves (e.g. Ross
Ice Shelf, Ronne Ice Shelf, Filchner 1ce Shelf) for further validation of ice shelf tide models.



When available, these ‘local’ models can potentially be added into higher level GLAS data prod-
ucts by specifying amask for each region. This remains a research issue.

4.3 Land/Ocean mask

The resolution requirement for the Land/Ocean mask is higher for GLAS than it was for
TOPEX/Poseidon. Application of atidal model for GLAS requires a Land/Ocean mask that has a
horizontal resolution of about 1 km. We recommend that:

1) the worldwide Generic Mapping Tool (GMT) database of Wessel and Smith (1996) be
adopted. The implementation of Agnew (1996; see Section 4), has aresolution of 1/64 degree (1.7
km), saves disk space and is compatible with his|oad-tide software and is also recommended.

2) the Land/Ocean mask not be hard-coded but be stored as a readable file, which will be
updated with more accurate values as they become available (e.g. for the floating ice extent of the
Antarctic ice shelves). Sufficient flexibility should be programmed into the code such that higher-
resolution versions of the land/ocean mask can be used as they are developed. Another consider-
ation isthe ‘transition zone’ of the Antarctic ice shelves. Thisisthe region between the ‘limit of
flexure' i.e. the boundary between fully grounded and freely floating ice and the hydrostatic
grounding line (the *hinge line’) which can extend for several kilometers (Vaughan 1994). In this
region, the ice does not respond freely to the ocean tides. Vaughan (1995) successfully modeled
this as elastic plate flexure with an elastic modulus of about 0.88 GPa. However, we do not think
that this should be calculated for incorporation into the GLAS records. Thisis afuture topic of
research and will be much improved with additional static GPS observations, information from
Interferometric Synthetic Aperture Radar (INSAR) (e.g. Rignot 1998) and when GLAS data start
becoming available.

5. Ocean-loading tide

The mass of water concentrated by the ocean tidal bulge is sufficient to compress the
Earth’s lithosphere. As this massis redistributed, elastic rebound of the lithosphere changes, and
thisisthe ocean-loading tide. The vertical displacement caused by ocean-loading is of the order of
severa tens of millimetersin polar regions (Table 1), although it is primarily restricted to the
vicinity of the coastline. Application of the ocean tidal loading correction will improve the accu-
racy of satellite laser altimeter measured surface elevation over the ice sheets, especially in the
coastal aress.

5.1 Computation of ocean tidal loading

Various methods have been used to compute tidal loading. Baker (1985) lists five of
them: (1) the spherical harmonic expansion method; (2) the polygon method; (3) the template
method; (4) the spherical disc method; and (5) the Green’s function method. In thisATBD, the
tidal loading is computed by the Green’s function method (Farrell, 1972). Agnew (1996) produced
a software package which makesit is easy to calculate tidal loading at a given point by using the
Green’s function and an ocean tide model. In Agnew’s package, the ocean load tide L is given by
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where A isthe distance, a isthe azimuth of the point with geographical coordinates (8, A) relative
to the place of observation, whichisat (8', A'); H isthetida height at (8, A), p is ocean water den-
sity, and aisthe radius of the earth. G, isthe massloading Green's function and S, is the combi-

nation of trigonometric functions needed to compute a vector or tensor load. The Green functions
used are obtained from Farrell (1972). As stated in Section 3.1, the global tide model we propose
to use for the open ocean is the FES95.2 model (Le Provost et al 1998), and we would liketo
leave scopeto include the CATS99.2 model below 50-S. Both of these models are compatible with
Agnew’s (1996) code (Duncan Agnew, personal communication, July 1999). In fact, local high
accuracy models for specific locations, such as shallow seas (e.g. North Sea, English Channel,
etc), or areas such asthe Amery ice shelf, can be accommodated as well.

5. 2 Algorithm Description
The displacement component at alocation at atimet is given by (McCarthy, 1992)

Ac = %fjAjcos(wjt+xj+uj—¢j) (2

where f; and ; depend on the longitude of the lunar node, A; and ®; are the amplitude and phase
for each displacement component, oy isthe frequency of tidej and x; is the astronomical argument

at t = 0. The three components of displacement (vertical, east-west, north-south) can be calculated
by the above equation, but here we are only interested in the vertical displacement. x; is calcul ated

using the program ARG described by McCarthy (1992). f; and ; are calculated by the following

relations for the eight largest constituents, which together account for over 90% of thetidal signal
(Doodson, 1928):

fmp = 1.000 - 0.037 cos(N)

fo=1.0

fro = 1.000 - 0.037 cos(N)

f, = 1.024 + 0.286 cos(N) + 0.008 cos(2N)
fiq = 1.006 + 0.115 cos(N) - 0.009 cos(2N)
fo; = 1.009 + 0.187 cos(N) - 0.015 cos(2N)
for =10

fq1 = 1.009 + 0.187 cos(N) - 0.015 cos(2N)

Mmp = -2.1° sin(N)

Mo = 0.0°

Mo = -2.1° sin(N)

Mo =-17.7° sin(N) + 0.7° sin(2N)
M = -8.9° sin(N) + 0.7° sin(2N)



Hog = 10.8° sin(N) - 1.3° sin(2N)) + 0.2° sin(3N)

My = 0.0°
g =10.8° sin(N) - 1.3° sin(2N) + 0.2° sin(3N)

N = (259.16° - 19.3282° (year-1900) - 0.0530° (day + leapyear))

Since the calculation of the amplitude and phase of atidal constituent isrelatively time
consuming, an interpolation method on agridded set of pre-calculated resultsis used instead. The
load tide varies smoothly, so it can be interpolated in space and time with negligible error. We cal-
culate thetidal loading at apoint (X, y) by first determining its value at the four nearest neighbors
in the grid, interpolating the tidal values at the grid points for the appropriate time. Then we use
bilinear spatial interpolation (e.g. Press et al., 1992) to compute the appropriate amplitude and
phase of each tidal component at (x, y). Finally, we combine components using Equation 2.

At each gridded point, the amplitudes and phase of thetidal constituents can be calculated before-
hand. Our algorithm is based on the pre- calculation of tides on a 1° by 1° grid globally (this can
be performed on a HP-735 workstation of the GLAS Science Computing Facility, using the soft-
ware described above with no attempt at streamlining the procedure or optimizing the software).
When the pre-cal culated results are stored on disk, amillion points along a ground track, or about
5 orbits, can be calculated in 7 minutes through bilinear interpolation.

Figure 1 shows agrid block for the interpolation. Thetidal loading L at point (x, y) is calculated
by,

L(X,y) = (1-c1)(1-Co)L (X1, Y1) +Ca(1-Co)L(Xp, Y1)+C1CoL (X, Y2)+(1-C1)Col (X1, Vo)

C1 = (X-Xp)/(X2-X1)
Co = (Y-y1)/(Y2'Y1)

Since the load tide varies smoothly, it can be interpolated in space and time with negli-
gible error. Thisjustifies our approach of tabulating load tide amplitudes and phases on a 1°x1°
geographical grid. Then, to estimate tidal-loading displacements at any given time and any given
point within Antarctica we use bilinear interpolation (e.g. Press et al., 1992) to compute the
appropriate amplitude and phase at that location, and use Equation 2. As a check, we compare cal-
culated and interpolated values for a 180-day time series sampled at hourly intervals, starting Jan-
uary 1, 2001, at three locations: (66.6617°S, 140.0014°E), (70.5°S, 135.5°E), and (70.5°S,
45.5°E). Thefirst point is near the coast, the other two are inland. The standard deviations of the
residuals between calculated and interpolated values are 0.35 mm, 0.05 mm, and 0.03 mm,
respectively. These are well within the accuracy requirements for correcting the measurements to
be made by GLAS. In view of these results, it is clear that calculation of the tides at grid nodes
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Figure 1. Geometry and notation for bilinear interpolation of ocean load tides.

need only be performed once during the time taken by the spacecraft to traverse the grid cell. This
indicates that an effective strategy is to compute the corrections only at arelatively sparse set of
points —say, every 15 seconds, that is every 600 shots, or every degree along track— and to inter-
polate using the shot count as the independent variable along track. This approach will work for
any tidal correction, the only caveat being that the transitions from ocean to land environments
and vice versa must be accounted for by keeping track of the intersections of the ground track
with a sufficiently accurate map of the coastlines.

5.5. Discussion

In Equation 2 we accounted for the eight major tidal constituents (four semidiurnal
waves. M,, N,, S,, K,; and four diurnal waves. K,, O,, P;, Q,) that have the largest contribution to
tidal loading. We used the FES95.2 tide model to calculate the amplitude and phase of M,, N,, S,,
K,, K3, O,, Q;. TPXO.2 was used to cal culate the amplitude and phase of P,. We selected FES95.2
mainly because it isareadily available global ocean-tide model which includes the regions under
the Ross, Filchner and Ronne | ce Shelves around Antarctica, regions which are of major concern



to the GLAS project.

Asavalidation of this approach, we compare the vertical displacement computed here to
that obtained using amplitude and phase calculated by McCarthy (1992) following Scherneck
(1991). At atest point (66.6617°S, 140.0014°E) in Antarctica, for a 180-day period starting from
January 1, 2001, the difference between the two calculationsis less than £1.6 mm. McCarthy’s
results are estimated to be accurate at the +3 mm level (McCarthy, 1992). Since we used a more

recent, presumably improved tide model, we can assume that the accuracy of our calculation is at
least as good.

The results show that the vertical tidal loading displacements are typically several centi-
meters over Antarctica. As expected, the amplitudes are higher along the coast and lower inland.
The distribution of the maximum possible load tide over Antarctica (the sum of vertical displace-
ments amplitude of eight tide constituents, which is what might be expected if all constituents

ever happened to be in phase) is shown in Figure 2. It reaches a maximum value over Antarctica
which exceeds 40 mm.

In practice, one sees the largest amplitudes when most of the constituents are in phase. For
example at (66°S,100°E) the maximum amplitude is about 40 mm, but the total range of the dis-
placement time series reaches only about 60 mm in the first ten years of the 21st century, not 80

Vertical Displacement (mm)

180

Figure 2: Contour map of maximum vertical displacement due to ocean tidal loading over
Antarctica.
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Figure 3: Comparison of load tide time series calculated at 1 hour intervalsand at 12
minute intervals. This shows that temporal interpolation is justified.

mm. Figure 3 and Figure 4 are two examples showing the spatial and temporal variations of tidal
loading. In Figure 3, two |oad tide time series are plotted. Oneis calculated at 1 hour intervals and

the other at 0.2 hour intervals. They are indistinguishable, which demonstrates that temporal inter-
polation isfully justified.

Similarly, in Figure 4, there are two lines plotted: tidal loads calculated every degree and
every half degree of longitude, respectively, at latitude 70°S. Again, the two cannot be distin-
guished. For atime series of 180 days starting from January 1, 2001, a one hour intervals, the
standard deviation of the differences between the directly calculated value and the bilinear inter-
polated value are 0.35 mm, 0.05 mm and 0.03 mm for points at (66.6617°S, 140.0014°E),
(70.5°S, 135.5°E), and (70.5°S, 45.5°E). Thisis good enough for GLAS tidal loading correction.

5.6. Tests of the significance of the loading correction

A standard technique used in altimetry research is crossover analysis. Thisis done by
comparing elevation estimates at successive passes (e.g. ascending and descending measure-
ments) at a single location at the surface. We used a set of crossover points at high southern lati-
tudes, provided by Dr. Schutz’'s group at University of Texasfor an eight day repeat orbit scenario.

Figure 5 shows the tide loading effect over a crossover point at (67.7799°S, 123.1133°E)
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Figure 4. Vertical displacements at epoch 2001 00:00:00, along asmall circle of latitude
70°S. Two estimates are shown, calculated at points separated by 1° and 0.5° longitude intex
vals, respectively. The excellent agreement justifies the practice of computing load tides on
coarse grid and interpolating bilinearly in space.

for the year 2001. Here we only consider the effect of tidal loading, in order to ascertain whether a
beat pattern between tide frequencies and orbital periods might lead to aliased signals masquerad-
ing as systematic changes in elevation. Figure 5(a) shows the tidal load variation for the year
2001, starting on January 1, and calculated at one hour intervals. The apparent surface elevation
changes for ascending and descending paths at the fiducial point are shown in Figures 5(c) and
5(e). Although individual differences could reach 30 mm, the differences for both ascending and
descending passes have means of about zero and standard deviations of about 8 mm (Figures 5d
and 5f). Thismeansthat if a sufficient number of measurements are used in cal culating the surface
elevation at thislocation, for this mission scenario, the biaswould be small (several mm). Therms
error for asingle measurement is found to be less than £10 mm. The error would be much smaller
inland than along the coast.

It is difficult to assess the possibility of biases based on this single calculation. Indeed,
there could be instances where the bias could be much more severe. By applying thetidal loading
correction discussed above, such possible biases introduced by ocean tidal loading can be
avoided. As shown above, ocean tide loading corrections are easily provided along the satellite

11



ground tracks. Applying these corrections will improve the accuracy of satellite altimeter mea-
sured surface elevations over polar regions, especially in the near coast area where the amplitude
of the loadtide is larger than inland.

The histogram of these displacement values, shown in frame 5(b) shows that the distribu-
tion is significantly skewed at that location, although the mean over the 365-day cycle isvery
close to zero. This skewnessis caused primarily by the near commensurability of the frequencies
of certain tide components. (For instance, the histogram of values of the function

coswt + cos2wt is skewed, extending from a minimum of -1.2 to a maximum value of +2.)
Furthermore, because this commensurability is nearly perfect for components k1 and k2, this phe-
nomenon may persist with abeat period of many years. It should be noted that the degree of skew-
nessis afunction of time, and since it depends on the relative phases of the components, it
depends also on location. If the beat period isin turn comparable to the repeat period of the sam-
pling by GLAS, then it is possible for tidal loading signals to appear as small, but geographically
coherent long term apparent changes in the average distribution of ice acrossthe ice sheet. It is
therefore important to perform this correction accurately. Table 2 shows the frequencies and
amplitudes of the tides summed here at our test point, and Table 3 shows the beat periods of the
most likely combinations of tides. The actual skewness and its actual geographical distribution is
of course aresult of the complex pattern of relative phases of all these components.
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Figure5: Tidal-loading variationsin height and crossover analysis at 67°S, 102°E:
(a) tidal-loading height variations for the year 2001; (b) surface-elevation changes at times
of ascending-track passage; (c) surface-elevation changes at times of descending-track pas-
sage; (d), (e), and (f) histograms for the variations



Table 1: Approximate magnitudes of the components of the tide correction, and their

uncertainties
Component Magnitude | Uncertainty
Ocean tide (open ocean) +50 cm +10cm
Ocean tide (coasts) +2m +10cm
Ocean tide (ice shelves) +1m* + 40cm*
Long period ocean tide +1m(with | fewcm
long period)
Pole tide <2cm few mm
Ocean-loading tide +10cm <0.5cm
Solid Earth tide +30cm +0.5cm

Values from Cudlip et al. (1994).* For Amery Ice Shelf (Phillips et al (1999).

Table 2: Tide frequencies and vertical displacement at location (67.7799°S, 101.9368°E)

Tide Frequency Vertical Displacement
(Degree/hour) (mm)
m2 28.9841 4.7
n2 28.4397 14
2 30.0000 2.0
k2 30.0821 0.8
k1 15.0411 7.9
ol 13.9430 7.2
pl 14.9589 24
ql 13.3987 1.4
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Table 3: Beat frequencies of selected pairs of tidal components

Tide Pairs Repeat Period (years)
K1~K2 infinity
K2~ 82 0.50
P1~S2 0.50
P1~K2 0.25
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